Introduction {#s0005}
============

Molecularly targeted drugs have emerged as the most promising approach to cancer therapy in the last decade. Several selective treatments are currently approved for specific subsets of cancer patients carrying well-defined driver lesions [@bb0005], [@bb0010], [@bb0015], [@bb0020]. The serine/threonine kinase BRAF was the first gene to be found mutated in cancer by high-throughput sequencing technologies [@bb0025]. The Raf proteins family (ARAF, BRAF, CRAF) provides key effectors along the RAS/MAPK cellular pathway, whose activation controls cell division, survival, and differentiation and is altered in a large fraction of tumors. In particular, mutations at codon 600 of BRAF are present in about 40% to 60% of melanoma patients (mostly V600E), making BRAF a strong candidate for targeted therapy [@bb0030]. Indeed, BRAF silencing or pharmacological inhibition leads to melanoma cell death and tumor regression in preclinical models and in patients [@bb0035], [@bb0040]. Selective BRAF inhibitors, vemurafenib or dabrafenib, induce 50% to 70% responses and prolong progression-free survival compared to chemotherapy [@bb0045], [@bb0050]; both drugs are now approved for first-line treatment of BRAF-mutated melanoma. Unfortunately, responses are short-lived due to the acquisition of drug resistance. In contrast to other tumors in which resistance mainly arises through mutations of the drug target, resistance to vemurafenib seems to be very heterogeneous, as several alternative ways to reactivate the MAPK pathway have been described, including aberrant BRAF^V600E^ splicing, NRAS or MEK1/2 mutations, activation of RTKs, NF1 loss, activation of bypass kinases, or alternative survival pathways such as PI3K/AKT [@bb0030], [@bb0055], [@bb0060], [@bb0065]. Moreover, adaptive resistance has been observed when cells activate a reversible, drug-induced stress response that allows MAPK reactivation [@bb0070]. Clearly, understanding the mechanisms of resistance is a key step in devising new therapeutic strategies.

Here we describe the co-occurrence of an amplified, in-frame internally deleted BRAF locus and a BCORL1 point mutation (Q1076H) in vemurafenib-resistant cells. BCORL1 is a transcriptional co-repressor, homologous to BCOR, whose function is poorly understood. It is known to interact with histone deacetylases, CtBP, and PCGF1 [@bb0075], [@bb0080]. Specifically, BCORL1 was shown to repress E-cadherin expression via interaction with CtBP. BCORL1 has been found mutated in hematologic disorders and implicated in hepatocellular carcinoma gene fusion events and tumor progression [@bb0085], [@bb0090], [@bb0095], [@bb0100], [@bb0105], [@bb0110]. In order to functionally validate our findings, both genetic alterations were introduced in parental, vemurafenib-sensitive A375 cells to reproduce the resistant phenotype. The truncated p47BRAF^V600E^ protein appeared to be the dominant driver of resistance; however, manipulation of BCORL1 function conferred a small but consistent shift in sensitivity to parental cells, suggesting that BCORL1 mutation may cooperate in the induction of resistance.

Methods {#s0010}
=======

Cell Lines {#s0015}
----------

The A375 malignant melanoma cell line carrying a homozygous V600E mutation in BRAF was purchased from the American Type Culture Collection, where cells are routinely genotyped to verify their identity. The cells were maintained in RPMI cell culture media supplemented with 100 U/ml penicillin, 100 mg/ml gentamicin, and 2 mM glutamine. The GFP-BCoR-L1 plasmid was a kind gift of Dr. K. K. Khanna (Queensland Institute of Medical Research, Australia). The Q1076H mutation was introduced by site-directed mutagenesis as described [@bb0115] using the following sense: 5′-TGGCCTCCCAGTGGCTCCCCA[T]{.ul}AGGGGCCAAGCTGAAGGTTC-3′ and the corresponding antisense oligo. Truncated p47BRAF^V600E^ sequence was amplified from A375-R1 cells using the primers listed in Supplementary Table 1 and cloned in phCMV2 vector in frame with the N-terminal HA tag. The fragment encoding for HA-tagged p47BRAF^V600E^ was then subcloned into the pCDH-EF1-Puro vector. The cells were transfected using FuGENE 6 Transfection Reagent (Promega) according to the manufacturer\'s instructions. Cells transfected with GFP-BCoR-L1 wild-type and Q1076H mutated plasmids were selected with G418 (1 mg/ml), and the GFP-positive population was sorted by FACScan. The cells transfected with pCDH-HA-p47BRAF^V600E^ were selected by puromycin (1.25 μg/ml) and subcloned by limited dilution to isolate several clones, which were then assayed for levels of p47BRAF^V600E^ expression. A clone expressing intermediate BRAF levels (clone 03E9) was used for the generation of double transfectants (BRAF/BCORL1).

Antibodies {#s0020}
----------

The following antibodies were used for Western blotting experiments: anti-BRAF (H-145) from Santa Cruz Biotechnology, anti-HA (clone HA.11) from Covance, and anti-actin from Sigma-Aldrich. All the other antibodies were from Cell Signaling Technology: phospho-MEK1/2 (S217-S221), total MEK1/2, phospho-ERK1/2(T202-Y204), total ERK1/2, phospho-c-Raf(S338; clone 56A6), and total c-Raf (clone C-12).

*In Vitro* BRAF Activity Assay {#s0025}
------------------------------

BRAF was immunoprecipitated from total lysates of A375 parental and resistant cells using anti-BRAF polyclonal antibody and incubated with 1 μg of recombinant human inactive MEK1 (Millipore), 2 mM ATP, and different vemurafenib concentrations in appropriate reaction buffer (25 mM Hepes pH 7.0, 5 mM MnCl~2~, and 5 mM MgCl~2~, 1 mM Na~3~VO~4~) for 20 minutes at 30°C. The reaction was stopped by addition of Laemmli buffer and heating at 95°C for 10 minutes. The samples were then run on SDS-PAGE, transferred to nitrocellulose membrane, and probed with anti--phospho-MEK1/2 antibody. The membrane was stripped and reprobed with anti-BRAF antibody.

Cell Proliferation Assay {#s0030}
------------------------

The cells were seeded in 96-well plate and incubated for 72 hours with semi-log dilutions of inhibitors. Cell growth and viability were assayed by using the MTS CellTiter 96 *AQ*ueous Assay (Promega) according to instructions. Background signal was subtracted, and all values were normalized to DMSO-treated controls.

Next-Generation Sequencing {#s0035}
--------------------------

Whole-exome sequencing was performed on Illumina platform and analyzed as described earlier [@bb0120]. Variants were considered if present in \>35% of reads from A375-R1 and in \<10% of parental A375 sample reads within regions of at least 20× coverage. Synonymous substitutions, noncoding changes, and known SNPs were filtered out. The BCORL1 somatic mutation identified by WES was then validated by Sanger sequencing at GATC Biotech (see Supplementary Table 1). For RNA-sequencing experiments, total RNA was isolated from A375 cells stably expressing wild-type or mutant BCORL1, or empty vector. Three independent samples were collected per cell line. Library preparation was performed at Galseq srl (Italy) starting from 1 μg of total RNA using a TruSeq Stranded mRNA Library Prep Kit (Illumina). RNA quality was assessed by using a Tape Station instrument (Agilent). To avoid overrepresentation of 3′ ends, only high-quality RNA with an RNA Integrity Number ≥ 8 was used. The libraries were sequenced in paired-end mode (2×150bp) at a depth of 10 million read pairs per sample. Fastq files were aligned to the human genome (GRCh38/hg39) by using STAR, a splice junction mapper for RNA-Seq data, together with the corresponding splice junctions Ensembl GTF annotation. Differential gene expression and statistical analysis were performed with DESeq2 [@bb0125] and SPSS (IBM), respectively. Functional enrichment was performed with DAVID [@bb0130]. Gene expression heatmap and unsupervised hierarchical clustering were performed with GENE-E (Broad Institute).

Silencing and CRISPR/Cas9 {#s0040}
-------------------------

Gene-specific siRNA pools (siGENOME SMARTpool; BCORL1, \#M-019215-01; BRAF, \#M-003460-03; RAF1, \#M-003601-02) and control nontargeting siRNA (\#D-001210-01) were purchased from Dharmacon and used for transient transfections following manufacturer\'s recommendations. For the generation of stably silenced cell lines, a BCORL1-specific mission shRNA plasmid clone targeting the 3′-UTR was purchased from Sigma-Aldrich (\#TRCN0000033474). Transfected cells were selected with puromycin (1.25 μg/ml) and subcloned by limiting dilution to isolate individual clones. For CRISPR/Cas9 system, the plasmid pGS-CMV-hCas9 (GeneScript) was employed, together with different guide RNAs: for disruption of BCORL1 gene, a plasmid encoding a gRNA targeting the beginning of the coding sequence (5′-TTGTGCACGCCGCTGTAGAG-3′; antisense orientation; Supplementary Figure 9) under the U6 promoter was obtained from Horizon Discovery. For specific point gene editing, a gRNA corresponding to the region adjacent to the Q1076H mutation was purchased from GeneScript (5′-AACTTCAGCTTGGCCCCTC; antisense orientation) and used in combination with a 181-mer donor DNA oligonucleotide containing the desired mutation (Supplementary Figure 9).

Inhibitors {#s0045}
----------

Vemurafenib was kindly provided by Plexxikon. Trametinib, dabrafenib, GDC-0879, sorafenib, and Cdk4 Inhibitor II (NSC 625987) were purchased from Selleck Chemicals. All compounds were dissolved in DMSO, aliquoted, and stored at −20°C until used.

Drug Uptake/Efflux {#s0050}
------------------

Quantitative real-time PCR of *SLC22A1*, *ABCB1*, and *ABCC1* genes was performed using the primers and cycling conditions described by Redaelli et al. [@bb0135]. To quantify the intracellular concentration of vemurafenib, parental A375 and resistant A375-R1 cells were treated in triplicate for 2 hours with 1 μM vemurafenib and then washed. Samples were collected before (time 0) and 30 and 120 minutes after washout. Quantification was then performed by high-performance liquid chromatography--tandem mass spectrometry method as described [@bb0140], with partial modifications.

Quantitative PCR {#s0055}
----------------

Real-time quantitative PCR was performed on Agilent *Mx3005P* QPCR System using the primers listed in Supplementary Table 1 and Brilliant III Ultra-Fast SYBR QPCR Master Mix (Agilent), following the recommended protocol. The GAPDH housekeeping gene was used as an internal reference. All experiments were performed in triplicate.

Results {#s0060}
=======

To investigate the mechanisms leading to acquired resistance to BRAF inhibition, we cultured A375 melanoma cells (BRAF^V600E/−^) in the presence of vemurafenib, starting from 1 μM, a concentration that fully suppresses MAPK pathway activation and cell growth in A375 cells [@bb0035]. Drug concentration was increased each time the cell population, after passing through a bottleneck, restored a normal growth rate, as described previously [@bb0115]. After various dose increases, a vemurafenib-resistant cell line was selected (A375-R1), displaying an IC50 value over 100-fold that of the parental line ([Figure 1](#f0005){ref-type="fig"}*A*). A375-R1 cells maintained a highly active MAPK pathway in the presence of vemurafenib ([Figure 1](#f0005){ref-type="fig"}*B*).Figure 1Characterization of vemurafenib-resistant cells. (A) Dose-response curves of A375 and A375-R1 cells in the presence of increasing concentrations of vemurafenib. The proliferation rate of vehicle-treated controls is set as 100%. (B) Western blot analysis of A375 and A375-R1 cell lysates after 4-hour treatment with the indicated concentrations of vemurafenib. The membranes were probed with antibodies recognizing phosphorylated (pMEK) and total MEK1/2 proteins. (C) Quantitative real-time PCR showing similar BRAF transcription in parental and resistant cells. GAPDH was used for normalization. (D) *In vitro* kinase activity of immunoprecipitated BRAF from A375 and A375-R1 cells on a GST-MEK1 substrate. Left: The reaction was run in the absence or presence of ATP. Right: ATP was added in all samples in the presence of the indicated concentrations of vemurafenib. Reactions were stopped by Laemmli buffer, run on SDS-PAGE, and probed with anti-pMEK antibody. Anti-BRAF blot is shown for loading check.Figure 1

Initial characterization of A375-R1 cells showed that BRAF expression was not changed ([Figure 1](#f0005){ref-type="fig"}*C*). Similarly, quantitative expression analysis of selected factors that may impact on MAPK activation showed only very modest increases in COT, MOS, and LCK expression (Supplementary Figure S1). We further excluded mutations in Ras family proteins, as well as the acquisition of secondary BRAF point mutations, while confirming the persistence of BRAF^V600E^ (data not shown). Drug uptake and efflux were not altered (Supplementary Figure S2). Interestingly, immunoprecipitated BRAF was refractory to inhibition in *in vitro* kinase assays, suggesting intrinsic drug resistance ([Figure 1](#f0005){ref-type="fig"}*D*). A375-R1 cells maintained their drug-resistant phenotype even after 1 month off drug, suggesting a stable, irreversible mechanism (Supplementary Figure S3). Whole-exome sequencing analysis revealed the amplification of an internally in-frame deleted BRAF^V600E^ gene ([Figure 2](#f0010){ref-type="fig"}*A*). The loss of BRAF exons 2 to 8, with in-frame joining of exon 1 to exon 9 ([Figure 2](#f0010){ref-type="fig"}, *B*-*C*), generated a shorter protein lacking residues 47 to 380, including the whole Ras-binding domain and the cysteine-rich region, of a theoretical molecular weight of approximately 47 kDa (p47BRAF^V600E^; [Figure 2](#f0010){ref-type="fig"}*D*, Supplementary Figure S4). In addition to the truncated p47BRAF^V600E^, we could still detect the full-length 85-kDa BRAF^V600E^ kinase in A375-R1 cells ([Figure 2](#f0010){ref-type="fig"}, *C*-*D*). Moreover, chromosome 7 appeared to have undergone complex gain/loss events as determined by copy number analysis ([Figure 2](#f0010){ref-type="fig"}*A*). Interestingly, in A375-R1 cells, RAF1 was constitutively phosphorylated on Ser338; however, RAF1 knockdown did not affect MAPK activationor sensitivity to vemurafenib (Supplementary Figure S5). In contrast, siRNA-mediated silencing of BRAF suppressed MEK phosphorylation and cell viability ([Figure 2](#f0010){ref-type="fig"}*E*). Furthermore, heterozygous point mutations in four additional loci were found in A375-R1 cells at \>35% frequency, used as a cutoff for the identification of prevalent alterations ([Figure 2](#f0010){ref-type="fig"}*F*). Three of four identified point mutations were predicted to have no impact on protein function. In addition, we could not detect expression of these three genes in A375 or A375-R1 cells by quantitative PCR or RNA-seq (data not shown). In contrast, the BCORL1 gene was expressed at a good level (RPKM ≈200). A375-R1 cells were found to carry a mutation in BCORL1 that caused the substitution of a histidine for a glutamine (Q1076H; [Figure 2](#f0010){ref-type="fig"}, *F*-*G*), within a linear motif predicted to be recognized by SH3 domains (L[P]{.ul}VA[P]{.ul}Q[R]{.ul}, aa 1071-1077). Glutamine 1076 is very conserved across species (Supplementary Figure S6), and the Q1076H substitution was indicated as possibly damaging by SIFT and PolyPhen-2 algorithms. According to OncoScore [@bb0145], BCORL1 is a cancer-causing gene, with a score of 62.2 (values \>21 are considered oncogenic).Figure 2BRAF and BCORL1 mutations in resistant cells. (A) Whole-exome sequencing copy number variation analysis revealed focal imbalances of the distal region of chromosome 7 in A375-R1 cells compared to parental cells. BRAF locus (zoomed area) lies within the amplified region but shows loss of exons 2 to 8. (B) Sanger sequencing of the deleted BRAF allele showing in-frame junction of exon 1 with exon 9 in A375-R1 cells. (C) PCR amplification of the region across the break point reveals the presence of two BRAF transcripts in A375-R1 cells: full-length wild-type (1216-bp band) and truncated (213-bp band). (D) Anti-BRAF Western blotting shows the presence of a smaller band of approximately 47kDa in A375-R1 cells. Actin is shown as a loading control. (E) siRNA-mediated silencing of BRAF in A375-R1 cells leads to downregulation of both full-length and truncated BRAF proteins, suppression of MEK1/2 phosphorylation, and decrease in cell viability. (F) Whole-exome sequencing comparative analysis of A375-R1 versus A375 cells revealed acquired mutations in the four indicated genes at frequency \>35%. SIFT prediction of mutation impact on protein function is shown. (G) Sanger validation of BCORL1 heterozygous genomic mutation in A375-R1 cells.Figure 2

In order to verify the biological relevance of these findings, p47BRAF^V600E^ and BCORL1^Q1076H^ were introduced in parental A375 cells ([Figure 3](#f0015){ref-type="fig"} and Supplementary Figure S7) transiently or stably. Both mutants were able to induce a small shift in sensitivity to vemurafenib (increased IC50 and increased MEK/ERK phosphorylation) when expressed alone, and this effect was further enhanced by simultaneous co-expression ([Figure 3](#f0015){ref-type="fig"}, *A*-*C*, transient expression; [Figure 3](#f0015){ref-type="fig"}, *D*-*G*, stable clones). However, p47BRAF^V600E^ expression levels were found to correlate with resistance ([Figure 3](#f0015){ref-type="fig"}*H* and Supplementary Figure S8): clones with high p47BRAF^V600E^ expression were highly resistant, and their sensitivity was not further altered by expression of BCORL1^Q1076H^. Interestingly, acute silencing of BCORL1 in A375-R1 cells slightly reduced BRAF protein levels and, consequently, MEK activation ([Figure 3](#f0015){ref-type="fig"}*I*) but did not cause any significant change in drug sensitivity. On the other hand, overexpression of BCORL1^Q1076H^, but not BCORL1^WT^, increased BRAF in parental cells ([Figure 3](#f0015){ref-type="fig"}*I*). This effect was not observed at transcript level, suggesting a posttranslational type of control (data not shown). Altogether, these data suggest that expression of BCORL1^Q1076H^ can only confer partial resistance to vemurafenib in A375 parental cells, while p47BRAF^V600E^ may explain most of the resistant phenotype in A375-R1 cells.Figure 3Functional validation of mutations. (A-C) Transient co-transfection of p47BRAF^V600E^ and BCORL1^Q1076H^ conferred partial resistance to vemurafenib-mediated inhibition of A375 cell growth (A) and MAPK signaling (C). Forty-eight hours after transfection, the cells were challenged for additional 48 (A) or 4 (C) hours with vemurafenib and harvested. Cell proliferation shown in A was detected by thymidine incorporation. (B) Histogram plot from two proliferation experiments (mean ± SEM). MAPK pathway activity shown in C was detected by Western blotting as MEK and ERK phosphorylation. (D-G) Stably transfected A375 clones expressing HA-tagged p47BRAF^V600E^ (D, Western blot, clone E9) and wild-type or mutated BCORL1 (E, qPCR), singularly or combined, were isolated and tested in proliferation assays for vemurafenib sensitivity. Data from at least four independent experiments are reported as mean ± SEM IC50 values (F); the red bar represents A375-R1 cells, for comparison; ev, empty vector. (G) Representative Western blot showing MEK1/2 phosphorylation (pMEK) in transfected cells treated with the indicated vemurafenib doses for 4 hours. Actin is shown as a control. (H) Correlation between p47BRAF^V600E^ expression (*x*-axis, log scale) determined by p47-specific qPCR and vemurafenib IC50 (*y*-axis, log scale). Clone E9, used for all experiments, is indicated. (I) Upper panel: siRNA-mediated silencing of BCORL1 (*siBCORL1*) and BRAF (*siBRAF*) in A375-R1 cells; a nontargeting scrambled siRNA (*siNT*) was used as a control. Lysates were probed with the indicated antibodies. Lower panel: Parental A375 cells were transiently transfected with empty vector, wild-type (*WT*), or mutated (*Q1076H*) BCORL1 and checked for BRAF expression. Actin is shown for loading control.Figure 3

Since neither ectopic BCORL1^Q1076H^ overexpression in parental cells nor its silencing in A375-R1 cells caused a major phenotype and considering that most of BCORL1 mutations reported in literature [@bb0085], [@bb0090], [@bb0110] are loss-of-function type (nonsense/frameshift), we hypothesized that BCORL1 loss, rather than gain, might induce drug resistance in A375 cells. To test this hypothesis, BCORL1 was knocked out by RNA interference ([Figure 4](#f0020){ref-type="fig"}, *A*-*B* and*D*-*E*) or by CRISPR/Cas9 ([Figure 4](#f0020){ref-type="fig"}, *C* and*F* and Supplementary Figure S9*A*) in the A375 parental cell line and in A375 cells stably expressing p47BRAF^V600E^ before testing for vemurafenib sensitivity. In all cases, we noted a small increase of IC50, indicating a mild induction of drug resistance ([Figure 4](#f0020){ref-type="fig"}*H*). These data suggested that loss of BCORL1 function may, at least in part, contribute to resistance to BRAF inhibition. In line with the initial observation, BCORL1-silenced or knockout cells showed reduced BRAF protein expression (Supplementary Figure S10*A*). The same effect was seen in stably silenced A375-R1 cells, with no effect on cell growth. In order to assess the effects of the exact mutation found in A375-R1 resistant cells, CRISPR/Cas9 system was employed to introduce a BCORL1^Q1076H^ substitution at the endogenous locus in parental cells (Supplementary Figure S9*B*). We obtained clones with heterozygous Q1076H mutation and a frameshift on the other allele (BCORL1^Q1076H/fs^). Two such clones were tested and proved moderately resistant to vemurafenib, while a third clone carrying a frameshift and a wild-type allele (BCORL1^WT/fs^) showed exactly the same sensitivity as the parental cell line ([Figure 4](#f0020){ref-type="fig"}, *G*-*H*). The edited clones showed a reduction of total BCORL1 transcript compared to parental cells (Supplementary Figure 10*B*). However, the direct comparison between mutant and wild-type clones rules out any gene dosage effect on drug sensitivity. These results confirmed that mutant BCORL1 affects sensitivity to BRAF inhibition.Figure 4Stable knockdown of BCORL1 in A375 cells (A-C) and A375-p47BRAF^V600E^ \[clone E9\] (D-F). (A, D) Efficiency of shRNA-mediated BCORL1 silencing as shown by quantitative PCR using GAPDH as a reference gene. (B, E) Dose-response curves obtained in the presence of increasing concentrations of vemurafenib, with cells expressing a nontargeting (*shNT*, blue curves) or a BCORL1-specific (*shBCORL1*, red curves) shRNA. (C, F) CRISPR/Cas9 system was used to disrupt BCORL1 gene; vemurafenib dose-response curves are shown comparing knockout (*KO*) with parental (*WT*) cells. (G) CRISPR/Cas9-mediated gene editing was used to introduce the Q1076H substitution in the endogenous BCORL1 locus; vemurafenib dose-response curves are shown comparing two mutated clones (*C8* and *D7*) with a wild-type clone (*WT*) and with parental A375 cells (*Par*). All curves are representative of at least three experiments. For all panels, extra-sum-of-squares *F* test was run to compare the two curves; *P*values are indicated at the lower-left corner, where *P* \< .05 indicates that the curves are significantly different. (H) Summary of IC50 data (mean ± SEM) obtained from all experiments. For each comparison, control cells IC50 (blue bars, *shNT* or *WT*) is set to 1; test cells IC50 value (red bars, *shBCORL1* or *KO*) is normalized over its control. Student\'s *t* test was used to compare IC50s. \**P* \< .05; \*\**P* \< .01.Figure 4

Since we had only indirect evidence toward the consequences of the Q1076H mutation on BCORL1 function, which is described as a transcriptional repressor, we investigated how the transcriptional landscape changed in A375 cells overexpressing the wild-type or the mutant form of BCORL1 ([Figure 5](#f0025){ref-type="fig"}). Overall, 213 and 132 genes were significantly down- and upregulated, respectively, by forced overexpression of wild-type BCORL1 compared to parental cells ([Figure 5](#f0025){ref-type="fig"}, *A*-*D*). Only about one fourth of these changes were conserved in the mutant-expressing cells, suggesting a loss of function. Analysis of replicate consistency by Pearson correlation [@bb0150] again suggested a loss-of-function impact on gene function, although not significant due to low replicates number (not shown). However, a relevant number of genes were deregulated (40 down, 62 up) by the mutant only, indicating that a change of function is also associated with the mutation. When the signatures were analyzed by gene ontology ([Figure 5](#f0025){ref-type="fig"}, *E*-*F*), the top terms where similar for both datasets: nervous system development in the upregulated gene list and kidney development for downregulated genes. However, two relevant exceptions were found: the mutant suppressed negative regulation of MAPK activity, whereas wild-type BCORL1 induced melanocyte differentiation genes ([Figure 5](#f0025){ref-type="fig"}, *E*-*F* and Supplementary Figure 11*A*).Figure 5Transcriptomic analysis of A375 stably overexpressing wild-type (WT) or mutated (MUT) BCORL1 compared to parental (Par) A375. Venn diagrams (A, C) show the number of differentially expressed genes (DEGs) versus Par. Heatmaps (B, D) show hierarchical clustering of genes significantly dysregulated by WT versus Par (B, down; D, up). Note that regulation obtained by WT samples is partially lost in MUT samples. (E-F) Functional annotation of significant DEGs in WT (E) and MUT (F) samples; red, upregulated genes; green, downregulated genes; a dotted line indicates *P* = .05.Figure 5

Next, we asked whether it is possible to circumvent resistance to vemurafenib by using alternative inhibitors or drug combinations. First, we explored cross-resistance of A375-R1 cells to other RAF inhibitors [@bb0155], [@bb0160], [@bb0165]. These cells were resistant to dabrafenib (Supplementary Figure S12*A*) but sensitive to GDC-0879([Figure 6](#f0030){ref-type="fig"}*A*) and sorafenib ([Figure 6](#f0030){ref-type="fig"}*B*). Interestingly, sorafenib synergized with vemurafenib in proliferation assays and in blocking MEK1/2 activation ([Figure 6](#f0030){ref-type="fig"}, *C*-*E*), suggesting that the combination of two RAF inhibitors with a different mode of action can result in enhanced efficacy against BRAF deletion mutants. Next, we investigated the sensitivity of A375-R1 cells to a MEK1/2 inhibitor to test if intervention downstream of p47BRAF^V600E^ would be able to block the oncogenic pathway and cell growth. Trametinib showed picomolar activity in both parental and drug-resistant cells, with superimposable dose-response curves ([Figure 6](#f0030){ref-type="fig"}*F*), suggesting that targeting the pathway downstream of the mutation may overcome resistance. Finally, since A375 cells carry a deletion of CDKN2A locus, encoding for the CDK inhibitor protein p16Ink4A, we tested a pharmacological blockade of CDK4/Cyclin D1 using the Cdk4 Inhibitor II (NSC 625987). Parental and vemurafenib-resistant cells displayed similar sensitivity to this inhibitor, with A375-R1 cells being slightly more sensitive, suggesting another way to bypass resistance (Supplementary Figure S12*B*). However, the CKD4 inhibitor did not show any cooperative effect with vemurafenib (data not shown).Figure 6(A) Western blot shows inhibition of pMEK by GDC-0879, but not by vemurafenib (vem), in A375-R1 cells. (B) Dose-response curves of sorafenib showing equal sensitivity of A375 (blue) and A375-R1 (red) cells. (C) A375 and A375-R1 cells were treated for 4 hours with the indicated drugs and analyzed by Western blot. In A375-R1 cells, MAPK signaling is sensitive to sorafenib (1 μM) and fully suppressed by combined treatment. (D) *In vitro* kinase assay of immunoprecipitated BRAF (see [Figure 1](#f0005){ref-type="fig"}*D*) in the presence of vemurafenib, sorafenib, or both. (E) Dose-response curves of vemurafenib alone (red) or in the presence of sorafenib 0.3 μM (blue) or 1 μM (green) in A375-R1 cells. (F) Dose-response curves of trametinib showing equal sensitivity of A375 (blue) and A375-R1 (red) cells.Figure 6

Discussion {#s0065}
==========

Acquisition of pharmacological resistance to targeted therapies is the great challenge of current oncology. Specific inhibition of mutant BRAF has shown tremendous efficacy in BRAF-mutated cancer, particularly in malignant melanoma. However, drug resistance has so far limited its clinical success. We describe here the co-occurrence of two genetic lesions in BRAF inhibitor-resistant cells. Indeed, melanoma cells appear to possess several ways to evade drug-induced cell death. Increased RAF1 expression has been suggested as one such mechanism [@bb0170]. We noted RAF1 hyperactivation in our vemurafenib-resistant cells; however, this did not seem to contribute to drug resistance. Likely, it is a by-product of aberrant dimerization properties of the truncated p47BRAF^V600E^ protein through allosteric transactivation of the second protomer in BRAF-RAF1 heterodimers [@bb0175], [@bb0180]. A modest increase of COT (*MAP3K8*), previously associated to reactivation of MAPKs under vemurafenib treatment [@bb0185], as well as c-Mos [@bb0190] and Lck [@bb0195] expression was observed. However, these minor changes are unlikely to provide a significant contribution to drug resistance. Johannessen et al. found that cells expressing less than five-fold COT overexpression were still sensitive to inhibition [@bb0185]. Other possible mediators of resistance, such RAS or SRC [@bb0200], [@bb0205], were also ruled out.

Poulikakos et al. discovered an alternatively spliced BRAF transcript in vemurafenib-resistant cells and patients [@bb0210]. This aberrant BRAF^V600E^ variant shows enhanced dimerization properties that confer inhibitor resistance through negative allostery. The authors excluded genomic deletion and ascribed this variant to aberrant splicing. Another report described amplification of the entire V600E-mutated BRAF locus as a mechanism of acquired drug resistance [@bb0215]. In this work, we identified a genomic rearrangement of the BRAF locus, resulting in an internally deleted mutant BRAF gene resembling splice variants, within an amplified region of chromosome 7. While this manuscript was under review, a clinical case was reported to carry a similar genomic deletion, providing clinical relevance to our finding [@bb0220]. Interestingly, since we could still detect the full-length gene in a cell line known to be BRAF hemizygous [@bb0225], we hypothesize that the amplification occurred before the deletion or, alternatively, that two populations are present in the culture. The deleted BRAF gene leads to the expression of a truncated p47BRAF^V600E^ protein, which was sufficient to confer resistance to vemurafenib and dabrafenib. In contrast, GDC-0879 and sorafenib were able to inhibit the MAPK pathway in cells expressing p47BRAF^V600E^. In this regard, recent structural data highlight the importance of inhibitor binding mode within the active site: compounds that stabilize the αC helix in the inactive conformation, such as vemurafenib or dabrafenib, cannot bind to the second BRAF molecule within a dimer, while inhibitors that do not cause such movement, like GDC-0879, will bind and inhibit both protomers [@bb0230]. Analysis of BRAF^V600E^ structure in complex with sorafenib (PDB: [3OG7](pdb:3OG7){#ir0020}) revealed that this inhibitor belongs to the latter class, explaining our synergistic data (Supplementary Figure S13).

BCORL1 has been implicated in cancer progression both as a tumor suppressor [@bb0085], [@bb0090] and as an oncogene [@bb0100], indicating a complex behavior in different settings. Approximately 8% of acute myeloid leukemia patients were found to carry BCORL1 mutations, mostly (87%) frameshift or nonsense [@bb0090]. On the other hand, in hepatocellular carcinoma, high BCORL1 levels are associated with advanced tumor stage and multiple tumor nodes [@bb0100]. In the cBioPortal database [@bb0235], BCORL1 mutations are spread throughout the entire coding sequence, suggesting either passenger or inactivating mutations. Notably, 30% are truncating. In particular, in the provisional TCGA melanoma dataset, BCORL1 missense or deletion mutations were found in 18/367 (4.90%) patients. Half of these cases also harbor BRAF mutations, which likely reflect the general incidence of BRAF mutations in melanoma. As a comparison, mutation frequencies of three housekeeping noncancer genes (ACTA1, GAPDH, GUSB) were 0.7% to 1.5%. Survival curves do not differ between BCORL1-mutated and nonmutated cases. The Broad Institute study [@bb0240] reported the same frequency of BCORL1 mutations (6/121 cases, 4.96%). In this case, 5/6 patients carried a BRAF mutation as well. Overall, our data point to a complex combination of loss-of-function, gain-of-function, and possibly other secondary effects, where most wild-type activity is lost, as suggested by transcriptome data and silencing/knockout experiments, but new functions are likely acquired, explaining why both overexpressing the mutant and silencing the wild-type allele have a similar small but significant effect on drug sensitivity. Gene ontology analysis revealed mostly similar signatures of wild-type versus parental and mutant versus parental comparisons, with the interesting exception of a significant loss of MAPK negative regulation by mutant BCORL1. In particular, IL1B gene, which is known to suppress ERK activity [@bb0245], was strongly downregulated by mutant but not by wild-type BCORL1, pointing to a gain-of-function type of effect. Whether IL1B repression is a cause of drug resistance remains to be elucidated. On the other hand, when looking at top regulated genes in wild-type transcriptome, whose regulation is lost by the mutant (loss-of-function type), no obvious direct relation to MAPK pathway could be observed, except GFRA1, a neurotrophic factor co-receptor able to activate MAPKs, which was kept at low levels by wild-type BCORL1 (Supplementary Figure 11*B*).

It is unclear whether BCORL1 mutation preceded or followed BRAF deletion in our A375-R1 cell population. All A375-R1 subclones isolated carried both alterations. Considering the strong phenotype induced by p47BRAF^V600E^, it is possible to speculate that BCORL1^Q1076H^ was selected during an early phase of stepwise drug increase, while p47BRAF^V600E^ may have subsequently taken over to provide strong advantage at high vemurafenib doses. Further studies may help clarify the relative contribution of the two alterations in drug resistance: for example, one could revert BCORL1 to wild-type in A375-R1 cells to check how sensitivity to vemurafenib changes. However, we tried to manipulate BCORL1 expression in A375-R1 cell line by silencing or overexpressing the gene, but this did not affect significantly cell viability, nor its sensitivity to the drug. We believe this is due to the fact that truncated p47BRAF^V600E^ has taken the lead in driving resistance in this cell line. Indeed, altering BCORL1 expression in transfectant clone E9 (expressing intermediate p47BRAF^V600E^ levels) has a slight impact on resistance ([Figures 3](#f0015){ref-type="fig"} and [4](#f0020){ref-type="fig"}), while doing so in clone H1 (high p47BRAF^V600E^) does not (not shown). Another independent vemurafenib-resistant cell line was selected in our laboratory which did not carry the BCORL1 mutation nor a BRAF deletion (data not shown), indicating that it is not a general route to resistance in this cell population.

We noticed that manipulation of BCORL1 levels had an effect on BRAF protein abundance. We do not know what is the significance of such phenomenon, as this did not translate into a different sensitivity to BRAF inhibition in A375-R1 cells. We might hypothesize that partial loss of BCORL1 function (by missense mutation) was selected rather than total gene loss because of this effect.

In conclusion, we described here a novel mechanism by which melanoma cells can acquire aberrant, drug-resistant BRAF variants, and the selection of a compound mutational status involving BRAF and the transcriptional factor BCORL1 in vemurafenib-resistant cells, adding to the known complexity of MAPK reactivation mechanisms in this disease.
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